Objective: Serum b-2 microglobulin (B2M) level predicts mortality in chronic kidney disease. Glycation of B2M is cytotoxic and may contribute to the risk of mortality in diabetic patients. Our objective was to evaluate the relationship between B2M and mortality in diabetic patients. Methods: In this prospective study, 896 participants of the Third National Health and Nutrition Examination Survey with diabetes were included in the analysis. Serum B2M level was used in multivariate Cox regression analysis to predict all-cause and diabetes-related mortality. Results: During a median follow-up of 11.8 years (range 0.1-18.2 years) and 9220.5 person/years, 541 (42.4%) and 207 (16.8%) participants died from all causes and diabetes-related causes respectively. One natural-log unit of B2M was significantly associated with all-cause (hazard ratio (HR)Z6.53, 95% CI 2.07-20.6) and diabetes mortality (HRZ7.35, 95% CI 1.01-53.38) after multivariable adjustment. Similar results were obtained when B2M was analyzed as tertiles or in the threshold model (T1CT2 vs T3). Examination of regression splines suggests a linear increase in hazard for mortality with increasing B2M levels. Conclusions: Serum B2M level is a novel predictor of all-cause and diabetes-related mortality in people with diabetes regardless of renal function.
Introduction
Diabetes is one of the leading causes of death in the USA and the tools for predicting overall and cause-specific mortality in diabetic patients are limited. Chronic kidney disease (CKD) is a common complication of diabetes and is associated with cardiovascular disease (CVD) and increased mortality (1) . Markers of CKD, such as albuminuria and low glomerular filtration rate (GFR), have been shown to predict mortality in people with diabetes (2) .
b-2 Microglobulin (B2M) is a low molecular weight protein that is better than creatinine as a marker of renal function. An elevated serum level of B2M has been found to be associated with CVD (3, 4) and increased mortality (3, 4, 5, 6) in patients with renal dysfunction, in the elderly population as well as in the general population. Interestingly, although B2M is known to be a marker of renal function, the effect of B2M on allcause mortality was found to be independent of renal function in the prospective study with 1034 nondisabled persons aged 65 years or older (6) . B2M is susceptible to advanced glycation end product (AGE)-modification and glycation. AGE-modification of B2M stimulates secretion of multiple pro-inflammatory cytokines, such as interleukin 1b (IL1b), IL6, and tumor necrosis factor a (TNFa), from human macrophages (7) . In addition, glycation of B2M renders it cytotoxic (8) . Moreover, in two mouse models of type 1 diabetes, the expression of B2M in retina was found to be significantly increased when compared with controls (9) . These observations suggested that B2M is not only a marker of renal function but may also worsen outcome in diabetes. We hypothesize that B2M is a predictor of mortality in people with diabetes regardless of the degree of renal dysfunction.
We included in our analysis diabetic participants aged more than 20 years whose serum B2M levels were available. Pregnant participants or participants with missing data in the multivariable models were excluded. After applying the exclusion criteria, 896 participants were included in the analysis (Supplementary Figure 1 , see section on supplementary data given at the end of this article).
Definition of diabetes
Diabetes was defined as a fasting plasma glucose R126 mg/dl (fasted for 8-24 h), an HbA1c value R6.5% self-reported diabetes, or self-reported current use of oral hypoglycemic medication or insulin.
Independent variables
Age, gender, race/ethnicity, smoking status, and physical activity were assessed using a questionnaire. In NHANES III, there were four race/ethnicity categories: white (non-Hispanic), black (non-Hispanic), Mexican-American, and 'other'. Education was categorized as less than high school, high school degree, or more than high school degree. We used the same definition for never, current, and former smokers that is used in the National Health Interview Surveys (NHIS) conducted by the Center for Disease Control (http://www.cdc.gov/nchs/nhis.htm). Individuals who had not smoked more than 100 cigarettes (pieces) in their lifetime were considered never smokers; those who had smoked more than 100 cigarettes in their lifetime were considered former smokers if they answered negatively to the question 'Do you smoke now?' and current smokers if they answered affirmatively. Participants who engaged in any physical activity with 3-5.9 metabolic equivalent tasks (METs) and 5 or more times per week or any physical activity with 6 or more METs and 3 or more times per week were classified as physically active (ideal category). BMI was calculated as weight in kilograms divided by height in meters squared. The estimated GFR (eGFR) was calculated from the CKD-EPI equation (11) . Microalbuminuria was defined as albumin-creatinine ratio R30 mg/g. Triglycerides (mg/dl), total cholesterol (mg/dl), HDL cholesterol (mg/dl), systolic blood pressure (mm/Hg), CRP (mg/dl), total white blood cell count (SI), and hemoglobin (g/dl) were also included as independent variables. Details regarding the measurement of the independent variables are available at the NHANES website (http://www.cdc.gov/nchs/nhanes.htm). 
B2M measurement
Serum B2M was measured using the N Latex B2M assay (Siemens Diagnostics, IL, USA). The assay range of B2M was 0.7-23 mg/l. The inter-assay coefficient of variation was 2.7% (mean 1.757 mg/l).
Mortality follow-up
The association of B2M with mortality was evaluated for deaths from all causes and diabetes-related causes.
The NHANES III linked-mortality file was created by matching NHANES III with national death index (NDI) death certificate records (12) . As deaths usually have more than one cause, in addition to the reported only one underlying cause of death, NDI records also reports up to 20 contributing causes of death. The data on diabetes as the cause of death were created by the National Center for Health Statistics and included in the NHANES mortality data file. Diabetes was defined as the cause of death if ICD-9 code '250' (representing diabetes mellitus) or ICD-10 codes 'E10-E14' (representing insulin-dependent diabetes mellitus, non-insulin-dependent diabetes mellitus, malnutrition-related diabetes mellitus, other specified diabetes mellitus, and unspecified diabetes mellitus respectively) were coded in any one of the 20 contributing or multiple causes of death fields in the NDI record. The decimals in the codes refer to the complication of diabetes mellitus. Detailed definitions are provided in ICD-9 (http://www.icd9data. com) and ICD-10 (http://www.icd10data.com) websites. As diabetes is rarely the sole cause of death, 'diabetes as the cause of death' coded as 'yes' indicates that it is one of the contributing causes of death. Among those deaths for which diabetes was included as one of the multiple causes of death, a large proportion (39%) of them were reported to have CVD as an underlying cause of death (13) . Length of follow-up for each participant was calculated as the time from the NHANES III examination date to the end of follow-up (date of death or December 31, 2006).
Statistical analyses
In primary analysis, serum B2M was modeled as a continuous variable (expressed as one natural-log unit increase in serum B2M), tertile (T1, T2, and T3), and threshold model (T1-T2 vs T3). The cutoff values of the tertiles were !1.99, 1.99-2.68, and O2.68. Using the lowest tertile as reference, the hazard ratio (HR) and 95% CI for each tertile were calculated using univariable and multivariable Cox regression models. To gain additional insight into the potential nonlinearity of the effect of B2M, we examined the Cox regression models using penalized splines. The proportional hazards assumption was evaluated by including time-dependent covariates in the model and found that smoking violated the proportional hazard assumption. Smoking was subsequently included as a stratum in the Cox regression model. A P value of %0.05 was considered statistically significant. Variables with skewed distribution were natural log-transformed before analysis.
We also performed sensitivity analysis to investigate the association between serum B2M and mortality after exclusion of participants who died within the first 2 years of follow-up. Sample weights that account for the unequal probabilities of selection, oversampling, and nonresponse were applied in all analyses using the complex sampling module in SPSS version 18.0 Software (SPSS, Inc., Chicago, IL, USA) or R version 2.15.0 (www.R-project.org). All values presented are weighted to represent the USA civilian population. (Table 1) . Participants with higher B2M levels were: older; less likely to be Mexican-American; more likely to have microalbuminuria; more likely to have higher levels of CRP, uric acid, BUN, and systolic blood pressure; and more likely to have lower levels of hemoglobin and eGFR (Table 1) . Kaplan-Meier survival curves for all-cause and diabetes-related mortality stratified by B2M tertiles are shown in Fig. 1 . Participants with higher levels of B2M are more likely to die from all causes and diabetes-related causes.
Cox regression models
The results from Cox regression analysis are shown in (Fig. 2) . For diabetes mortality, one natural-log unit of B2M was associated with diabetes-related mortality with a HRZ8.4 (95% CI 4.31-16.38) in model 1. Further adjustment attenuated the association, but it remained statistically significant. In the categorical model, tertile 3 was associated with diabetes-related mortality in models 1 and 2, and the association became marginally significant (HRZ3.43, 95% CI 0.91-13.03, PZ0.069) upon further adjustment in model 3. However, tertile 3 remained significantly associated with diabetes-related mortality in the threshold model, regardless of covariate adjustment ( Table 2 , models 1-3; P!0.01). Examination of regression splines suggests a linear increase in hazard for diabetes-related mortality with increasing B2M levels (Fig. 2) . 
Discussion
In this study, we have shown that serum B2M level is a powerful predictor of mortality in people with diabetes, and the effect may be independent of renal function. Since tools for predicting overall and cause-specific mortality in diabetic patients are limited, our study provides new insights into the role of B2M in mortality and suggests that it may be a useful prognostic marker in diabetes.
In the current study, we showed that B2M is a predictor of both all-cause and diabetes-related mortality. It is clear that the association was strongly dependent on lifestyle factors, while further adjustment of cardiometabolic risk factors did not attenuate the associations much. In general, the effect of B2M on diabetes mortality was slightly stronger than that of all-cause mortality (Table 2) , and this observation might be due to the fact that higher serum B2M levels are associated with multiple diabetic complications, and therefore worsen outcomes.
Diabetic nephropathy is a major complication of diabetes. Previous studies have shown that the indices of renal function are important predictors of mortality in diabetes patients, such as reduced eGFR (2, 14, 15) and albuminuria (2, 14, 15, 16) . However, there are a few novel biomarkers of renal function that may surpass eGFR, such as B2M and cystatin C. In 691 diabetic participants from the Cardiovascular Health Study (CHS), participants having cystatin C-eGFR !60 had a HRZ1.73 (95% CI 1.37-2.18) and 1.71 (95% CI 1.21-2.42) for all-cause and cardiovascular mortality respectively, which are higher than the HRs estimated using the Modification of Diet in Renal Disease (MDRD)-eGFR (2) . Subsequent analysis also showed that cystatin C-eGFR added extra predictive value, in terms of C-statistics, to MDRD-eGFR (2) . Similarly, the association between B2M and all-cause and diabetes-related mortality remained robust even after adjustment of eGFR. Altogether, these observations suggest that the effect of B2M on mortality may be independent of renal function, and may have an additional role in contributing to the risk of mortality.
B2M has multiple biological functions. B2M is a part of the major histocompatibility complex (MHC) class 1 complex and an initiator of inflammatory response (17) that triggers the inflammatory process (18) . For example, B2M can induce the expression of cytokines, adhesion molecules, and metalloproteinase, such as vascular cell adhesion molecule 1, metalloproteinase 1, and cyclooxygenase 2, through changes in inositol 1,4,5-trisphosphate-mediated intracellular calcium, actin cytoskeleton rearrangement, and phosphatidylinositol-3 kinase (17) . Several inflammatory cytokines, such as IL1 and TNFa, can also increase the expression of MHC class 1 and thereby that of B2M (19, 20) . Serum B2M level is increased in several autoimmune diseases, such as systemic lupus erythematosus (21) and rheumatoid arthritis (22) . In the current study, we observed that inclusion of CRP slightly attenuated the association of B2M (Supplementary Table 2 , see section on supplementary data given at the end of this article), indicating that the association was partly mediated by inflammation. B2M is amyloidogenic, which leads to amyloidosis when serum B2M level is high (23) . Moreover, hyperglycemia leads to the formation of AGEs, wherein AGEs of B2M, such as ribosylated B2M, is cytotoxic because of the generation of reactive oxygen species (8) . Future studies are required to elucidate the role of glycated B2M as well as AGE modification of B2M in diabetes.
Our study has several strengths. The study population is large, multiethnic, nationally representative, and well-characterized with data on multiple risk factors and confounders. The long follow-up and the large number of events provided ample statistical power. Meaningful gains in clinical utility were demonstrated. For example, the HR of B2M with mortality is O2, which is considered to be clinically significant. Nevertheless, there are limitations. First, only a single baseline measurement of B2M and fasting glucose was performed; repeated measurements may provide more clues on whether high B2M and fasting glucose have a synergistic effect on mortality. Our results showing the predictive power of a single baseline measurement of B2M are therefore all the more remarkable. Second, B2M is an indispensible prognostic marker of several cancers, while we also observed that B2M is a predictor of cancer-related mortality in the current study. Compared with tertile 1, the HRs of tertiles 2 and 3 were 1.49 (0.71-3.16) and 2.71 (1.11-6.60) respectively (trend PZ0.031). Thus, the association with mortality may be driven by participants with incipient cancer. However, in our sensitivity analysis excluding participants who died within the first 2 years of followup, B2M remained significantly associated with mortality (Supplementary Table 3 , see section on supplementary data given at the end of this article). Third, our findings may not be generalizable to other populations. Future prospective studies in other populations are warranted. Our results have opened up the possibility that measures that reduce B2M may also reduce mortality. For example, anti-B2M antibody is currently under development as an intervention to treat cancer (24) . A previous study showed that it induces apoptosis of myeloma cells but spares normal cells. However, long-term clinical trials are needed to test whether interventions that reduce serum B2M can improve survival in diabetic patients. Fourth, the adjustment model in the current study may not be adequate to examine whether the effect of B2M on mortality is totally independent of renal function and inflammation. In model 3, we could only include one of the highly correlated risk factors, such as total cholesterol and LDL cholesterol. Lastly, the current study defined diabetes-associated mortality based on ICD codes listed in NDI; the actual cause of death could not be determined with certainty.
In conclusion, serum B2M levels predict mortality for people with diabetes. Clinical studies are needed to verify whether interventions that lower B2M would also lower mortality.
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